Abstract: The synthesis, crystal structure, and characterization of a silicon-silicon triply bonded species, disilyne with two bis[bis(trimethylsilyl)methyl]isopropylsilyl substituents, are described. The nature of the sp-hybridized silicon atoms is discussed from the viewpoint of spectroscopic results and theoretical calculations. The reactivity of the disilyne with alkali metals, t BuLi, and π-bonded compounds such as cis-and trans-2-butenes and phenylacetylene is also described.
INTRODUCTION
Hydrocarbons containing >C=C< double and -C≡C-triple bonds, alkenes, and alkynes, respectively, form an abundant and structurally diverse class in organic chemistry. However, the ability of heavier congeners of carbon (E = Si, Ge, Sn, and Pb) to form multiple bonds of the type >E=E< and -E≡E-was doubted for a long time [1] . However, almost every type of doubly bonded compound having not only homo-and heteronuclear double bonds between group 14 elements of >E=E'< type (E and E' = C, Si, Ge, Sn, and Pb), but also double bonds between the heavier group 14 elements and other main group elements (groups 13, 15, and 16) have been synthesized and structurally characterized [1] , since the discovery of the stable distannene Dsi 2 Sn=SnDsi 2 (Dsi = CH(SiMe 3 ) 2 ) by Lappert in 1973 [2] , tetramesityldisilene Mes 2 Si=SiMes 2 (Mes = 2,4,6-trimethylphenyl) by West in 1981 [3] , and (Me 3 Si) 2 Si=C(OSiMe 3 )Ad (Ad = 1-adamantyl) by Brook in 1981 [4] . Despite extensive experimental efforts directed toward the synthesis of triply bonded compounds of heavier group 14 elements, heavier analogs of alkynes, such as -E≡C-and -E≡E-(E = Si, Ge, Sn, and Pb), remained unknown until recently [5] . In 2000, Power reported the synthesis and structural characterization of the lead analog of the alkyne analogs [6] , and subsequently, tin [7] and germanium [8] analogs were also synthesized by the same group in 2002 by using bulky terphenyl ligands (2,6-diarylphenyl groups) and by Tokitoh using the Bbt group {C 6 H 2 -2,6-[CH(SiMe 3 ) 2 -4-C(SiMe 3 ) 3 ]}. However, the chemistry of disilyne with a silicon-silicon triple bond was missing until reports in 2004 by our group and Wiberg [9, 10] . We present here the synthesis and structural characterization of a disilyne with a new type of π bond, as well as its reactivity [9, 11] .
SYNTHESIS OF A DISILYNE
Based on both the theoretical prediction [12] and our previous experimental study [13] , we have designed the Dsi 2 i PrSi group [Dsi = CH(SiMe 3 ) 2 ] for the protection of a silicon-silicon triple bond. Disilyne 2 was prepared by reduction of the tetrabrominated precursor 1. Thus, the reaction of 1 with four equivalents of potassium graphite (KC 8 ) in tetrahydrofuran (THF) produced a dark green mixture, from which disilyne 2 was isolated as extremely air-and moisture-sensitive emerald green crystals in 73 % isolated yield (Scheme 1) [9] . Figure 1 shows the molecular structure of disilyne 2. The four Si atoms (Si2, Si1, Si1', and Si2') are coplanar, and the bulky Si i Pr[(CH(SiMe 3 ) 2 ] 2 groups protect the central Si≡Si triple bond. The most significant result is the Si≡Si triple bond length of 2.0622(9) Å. This value is 3.8 % shorter than the typical Si=Si double bond length (2.14 Å) and 13.5 % shorter than the average Si-Si single bond length of 2.34 Å [1g]. This shortening is half the magnitude of that in the carbon counterparts. Moreover, alkynes have a linear geometry around the C≡C triple bond, whereas disilyne has the transbent geometry with a bending angle of 137.44(4)º around the Si≡Si triple bond. The structure of 2 presented here is close to that predicted by a density functional (DFT) calculation on ( t Bu 3 Si) 2 MeSiSi≡SiSiMe(Si t Bu 3 ) 2 [14] . The space-filling model of 2 shown in Fig. 2 highlights the steric protection of the Si≡Si group by the isopropyl and bis(trimethylsilyl)methyl substituents. A DFT calculation on disilyne 2 at the B3LYP/6-31G(d) level of theory well reproduces the experimental geometry and the structural parameters (calculated value: 2.093 Å for the Si≡Si bond length, 136.1º for the trans-bending angle). The bending is thought to be the result of the mixing of an in-plane π orbital with a σ* orbital whose energies are close enough to cause the interaction of these orbitals in the heavier elements ( Fig. 3) [5e]. The σ orbital of the C-C bond cannot interact with an in-plane π orbital because of the large energy difference, whereas the Si-Si σ* orbital can interact with the in-plane π orbital to produce the trans-bent structure of RSi≡SiR {R = Si i Pr[CH(SiMe 3 ) 2 ] 2 }, resulting in a bond order of 2.618 [9] .
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Disilyne with a silicon-silicon triple bond 449 The molecular orbitals (MOs) of disilyne 2 calculated at the HF/6-311G(d)//B3LYP/6-31G(d) level presented in Fig. 4 show two nondegenerate highest occupied π MOs (HOMO-1 and HOMO) and two lowest unoccupied antibonding π* MOs (LUMO and LUMO+1) [9, 15] . The out-of-plane HOMO and LUMO+1 are represented by the pure (p z -p z ) π MOs, whereas the in-plane HOMO-1 and LUMO are represented mainly by (p y -p y ) π MOs with a slight contribution from the antibonding σ* (Si-Si) orbital of the central bond. In accordance with the triple-bond structure, a natural bond orbital analysis of 2 shows electron occupation of the two π (Si≡Si) orbitals (1.934 and 1.897 electron), indicating their bonding character. The bond order (Wiberg bond index) of Si1≡Si1' is 2.618, which agrees with the real Si≡Si triple bond [9, 16] .
REACTIVITY OF A DISILYNE
Disilyne has a characteristic structure, and the geometry around the silicon-silicon triple bond is not linear, but trans-bent, which results in splitting of the two occupied MOs (π in for HOMO-1 and π out for HOMO) and splitting of the two unoccupied MOs (π* in for LUMO and π* out for LUMO+1) [9, 15] . Upon bending, the energy of the HOMO is raised, whereas the energy of the LUMO is significantly lowered. Therefore, it is expected that disilyne 2 is prone to easy reduction of its low-lying LUMO. Indeed, the anion radical of disilyne 2 was obtained by one-electron reduction with alkali metals. Thus, the reaction of disilyne 2 with an equivalent amount of lithium, sodium, and KC 8 or potassium metal in THF produced the disilyne anion radicals 3a-c (Scheme 2). In particular, the potassium salt of disilyne anion radical 3c was isolated by recrystallization from pentane and 1,2-dimethoxyethane (DME) as dark brown crystals in 63 % isolated yield [17] . The electron paramagnetic resonance (EPR) spectra of 3a-c showed the same signal, indicating that 3a-c are metal-free disilyne anion radical species [18] . Figure 5 shows the EPR spectrum of 3c in 2-methyl-THF solvent. The triplet splitting of the signal arises from coupling with the two δ-Hs of the isopropyl groups. The signal is accompanied by two pairs of satellite signals (3.92 and 2.24 mT), due to coupling of the unpaired electron with the α-and β-29 Si nuclei, respectively. The magnitude of the spin coupling by the α-29 Si nuclei is smaller than that in the tris(di-tert-butylmethylsilyl)silyl radical (5.80 mT) [19] , implying delocalization of the unpaired electron between the central silicon atoms. The EPR spectra of 3a-c were also measured in 2-methyl-THF under glass matrix conditions (100 K). As expected, the low symmetry of the disilyne anion radicals 3a-c caused anisotropy of the g-factor, g xx = 2.00907, g yy = 2.00340, g zz = 2.198763.
X-ray crystallography unambiguously showed the trans-bent structure of disilyne anion radical 3c (Fig. 6) [17] . The counter cation, potassium, is solvated by four DME molecules and the distance between Si1 and K1 is greater than 11 Å, showing that anion radical 3c is free. The central Si-Si bond length is 2.1728(14) Å, which is 5 % longer than that of disilyne 2 [2.0622 (9) 2.3639(13) Å and 2.3714(13) Å, respectively. The characteristic bond angles [112.84(6) and 113.97(6)º] of the tetrasilane unit are smaller than the corresponding bond angle (137.44º) of 2 due to the influence of the negative charge on the central silicon atoms. These bond angles are found to be essentially equal to each other, indicating delocalization of the unpaired electron between the two central silicon atoms. The reaction of disilyne 2 with an equivalent amount of t BuLi in dry THF at -78 °C resulted in the immediate development of a red color. Disilenyllithium 4 was isolated as air-and moisture-sensitive red crystals in 82 % isolated yield (Scheme 3) [17] . The disilenide ion was also obtained as a solvent-separated ion pair 5 by the addition of DME to 4, and purified by recrystallization from pentane, benzene, and DME at -30 °C. The present method provides an entirely new method for the preparation of disilenide derivatives by taking advantage of the reactivity of the silicon-silicon triple bond. The formation of 4 can be rationalized by assuming an initial single-electron transfer process involving intermediate formation of the anion radical of 3a and tert-butyl radical as a key radical pair, followed by fast hydrogen abstraction by the anion radical of 3 with the formation of disilenyllithium [20] . Therefore, disilenyllithium 4 is the product of a formal 1,2-addition of lithium hydride across the Si≡Si triple bond of 2.
REACTIVITY OF A DISILYNE TOWARD THE BOND
To understand the nature of the π bond of a silicon-silicon triple bond, we have examined the reaction of disilyne 2 with alkenes and alkynes. When a hexane solution of disilyne 2 was treated with an excess of cis-2-butene at room temperature, cis-3,4-dimethyl-1,2-disilacyclobutene 6a was obtained as the sole product in 89 % yield (Scheme 4) [21] . This reaction proceeded cleanly and was complete within 30 min. On the other hand, the reaction of 2 with trans-2-butene under the same conditions produced trans-3,4-dimethyl-1,2-disilacyclobutene 6b as yellow crystals in 85 % yield [21] . In contrast to the reaction with cis-2-butene, it took one day to complete this reaction. 
Scheme 3
In order to gain a mechanistic insight, we have performed theoretical calculations of the real system on the reaction of disilyne 2 with 2-butenes. When a hexane solution of 2 was treated with an excess of phenylacetylene at room temperature, the 1,2-disilabenzene derivative 7 was obtained as a mixture of two regioisomers (7a:7b = 2:3), isolated as yellow crystals in 63 % overall yield (Scheme 5) [21] . The steric factor is important for the reaction, and no reaction occurred with diphenylacetylene. This is the first example of stable 1,2-disilabenzene derivatives, although the isolation of some stable monosilaaromatic compounds [22] , as well as the chemical trapping of intermediary 1,4-disilabenzene and its observation by UV-vis spectroscopy in an Ar matrix at 10 K [23], have already been reported. The 1,2-disilabenzene ring of 7a is almost planar, the sum of the bond angles around the two skeletal Si atoms being 359.74 and 359.83º for Si1 and Si2, respectively (Fig. 8) . The dihedral angle between the 1,2-disilabenzene ring and each phenyl group is about 54º. The length of the Si1-Si2 bond is 2.2018(18) Å, which is intermediate between the Si-Si single-and double-bond lengths [16] . The lengths of Si1-C6 and Si2-C3 were found to be essentially equal to each other [1.804(4) and 1.799(5) Å, respectively], and they are intermediate between those of Si-C single-and double-bond lengths. Furthermore, the C3-C4 and C5-C6 bond lengths, which are also equal to each other [1.389(6) and 1.386(6) Å, respectively], are similar to the C-C bond length of the benzene ring (1.39-1.40 Å). The C4-C5 bond length of 1.452(6) Å is different from that of the C-C bond length in the benzene ring, but is intermediate between those of C-C single-and double-bond lengths (1.54 and 1.34 Å, respectively). Thus, it has been experimentally demonstrated that 1,2-disilabenzene has some contribution from the 6π aromatic delocalization, similar to the cases of benzene and monosilabenzene [22, 24] . Indeed, nucleus-independent chemical shift (NICS) values, recognized as an aromaticity probe, were calculated for the model compounds 7a' and 7b' (Me 3 According to the theoretical calculation, the first step in the formation of 1,2-disilabenzene is the generation of a 1,2-disilacyclobutadiene-like intermediate. Then, the [2+4] cycloaddition reaction between this intermediate and a second acetylene molecule will take place to give 1,2-disila-Dewar benzene, followed by its valence isomerization to form the final 1,2-disilabenzene [21] .
The MOs of 1,2-disilabenzene 7a calculated at the HF/6-31G(d) level for X-ray data presented in Fig. 9 show two nondegenerate highest occupied π MOs (HOMO-1 B and HOMO C) and two lowest unoccupied antibonding π* MOs (LUMO D and LUMO+1 E). These MOs correspond to those of benzene, although the energy levels are very different. The UV-vis spectrum of 7a in hexane at room temperature shows two characteristic absorption bands at 427 (116) and 382 (240) nm in the visible region and two broad absorption bands at 313 (745) and 246 (2548) nm in the ultraviolet region. As comparison, the UV-vis spectra of benzene, silabenzene, and 1,4-disilabenzene are also depicted in Fig. 10  [23b] . The absorption maxima of 1,2-disilabenzene 7a in the visible region are very similar to those of 1,4-disilabenzene (λ = 408, 396, 385, 340, and 275 nm), observed in low-temperature matrices at 10 K. Thus, disilabenzene derivatives showed the remarkable red-shifts as compared with those of benzene, due to the small HOMO-LUMO energy gap (Fig. 9) .
